Multicomponent reaction of malononitrile, carbon disulphide and various benzyl halides was developed as an efficient strategy for the synthesis of 2-(bis(benzylthio)methylene)malononitrile derivatives via two different procedures: (a) in the presence of K 2 CO 3 as a base in acetonitrile and (b) under solvent-free conditions in the presence of triethylamine. Higher yields with shorter reaction times were obtained from the latter procedure. Inhibitory activity of all derivatives was evaluated against 22 pathogenic bacteria including both Gram-negative and Gram-positive strains. Thioether 4b showed broad-spectrum antibacterial activities according to the antibiogram tests. DFT calculations (B3LYP/6-311++G**) were performed to determine the type of drug-receptor interactions. It was found that reversible dipole-dipole forces play a key role in most interactions.
Introduction
Organic compounds containing C-S-C bonds are known as sulfides or thioethers. These functional groups exist alone or alongside others in various pharmaceutical and biologically active molecules (Figure 1. ). L-Methionine is a proteinogenic amino acid that plays an essential role in the growth of new blood vessels. It is a beneficial supplement to treat schizophrenia, asthma, alcoholism, Parkinson's disease, drug withdrawal, copper poisoning, allergies and depression diseases. Bithionol is a diarylthioether that is used against trematode and cestode infestations, especially in animals. 1 It should be consumed with caution in human infections due to its photosensitizing effects on the skin. 2 Cefotiam belongs to a class of antibiotics known as cephalosporins. 3 Butoconazole nitrate (Gynazole-1) is used for treatment of vulvovaginal yeast infections. 4 Arotinolol is prescribed for the treatment of hypertension and essential tremor. 5, 6 Probucol as a potent antioxidant drug lowers the level of cholesterol (mainly LDL) in the blood. 7 Carbocisteine (S-carboxymethylcysteine), prepared by alkylation of cysteine using chloroacetic acid, improves the symptoms of chronic obstructive pulmonary disorder (COPD) and bronchiectasis. 8 New methods and procedures were developed to synthesize organic sulfides. For this purpose, metal-catalyzed reactions, [9] [10] [11] Sandmeyer and Leuckart reactions, 12, 13 coupling of thiols with Grignard reagents in the presence of N-chlorosuccinimide, 14 photocatalytically initiated thiol-ene reaction, 15 free radical displacement on alkynes, 16 regioselective conjugate addition of thiols to acyclic α,β,γ,δ-unsaturated dienones, 17 in situ nucleophilic substitution of aryl bromides with potassium iodomethyltrifluoroborates, 18 displacement reaction of halogens by sulfur, 19 Stevens rearrangement of thioethers with arynes, 20 and synthesis of thiiranes via reaction of epoxides with thiourea in DES 21 were proposed by researchers. Alkylation of thiols or their salts is a well-developed method for the preparation of thioether derivatives. 22, 23 Furthermore, these compounds were successfully synthesized via a variety of one-pot multistep [24] [25] [26] and multicomponent 27, 28 alkylation reactions.
Theoretical studies can guide chemists to design and discover new medicines as well as to predict their action mechanisms. Some thioether-ester crown ethers were synthesized as potential inhibitors of Klebsiella pneumoniae. 29 QSAR calculations including Moriguchi octanol-water partition coefficient, polar surface area, hydrophilic factor, Ghose-Crippen molar refractivity, unsaturation index and weighted holistic invariant molecular descriptors were in compliance with the MIC value of the synthetic compounds. 29 Antiplatelet activities of some synthesized 2-(arylmethylthio)-3-phenylquinazolin-4-ones were evaluated on ADP and arachidonic acid-induced platelet aggregation in human plasma. 30 Theoretical calculations showed a fairly parabolic correlation between IC 50 values of derivatives and their related molecular volume and surface area. Recently, a connection was determined between thioether pleuromutilin derivatives and bacterial 50S ribosomal protein L3 using 3D-QSAR and Topomer CoMFA analysis and ADMET prediction. 31 In this project, some 2-(bis(benzylthio)methylene) malononitrile derivatives were synthesized via two pathways, namely in the presence of a solvent and under solvent-free conditions. Inhibitory properties of these symmetric thioethers were assessed against different genera of bacterial pathogens. QSAR studies were applied to predict the correlation between biological activities of synthesized thioethers and physicochemical descriptors.
Experimental

1. Chemicals
All yields refer to isolated products. Melting points were recorded on a Kruss type KSP1N melting point apparatus and are corrected. The reaction progress was monitored by aluminium TLC plates pre-coated with silica gel with fluorescent indicator F254 using n-hexane/ethyl acetate (9:1, v/v) as the desired mobile phase. The resulted TLC plates were visualized under UV radiation (254 nm). The IR spectra of the products were recorded on a Bruker Tensor-27 FT-IR spectrometer using KBr disks. The 1 H and 13 C NMR spectra of compounds in DMSO-d 6 or CDCl 3 were recorded on a Bruker FT-NMR Ultra Shield-400 spectrometer (400 and 100 MHz, respectively). CHNS/O analyses were performed on a Thermo Finnigan Flash EA microanalyzer. Initial bacterial or fungal suspensions were adjusted with a Jenway 6405 UV/Vis spectrophotometer.
1. 1. General Procedure for the Synthesis of
Thioethers 4a-h 2. 1. 1. 1. The Classical Conditions 0.66 g malononitrile (1) (10 mmol), 0.76 g carbon disulfide (2) (10 mmol), 2.76 g potassium carbonate (20 mmol) and benzylhalides 3a-h (20 mmol) in 20 mL acetonitrile were mixed well. The mixture was heated under reflux for 5-9 h. The end of the reaction was indicated by TLC. The reaction mixture was cooled to room temperature. The contents were added to 20 mL water and extracted with diethyl ether (2 × 10 mL). The extract was washed with water (3 × 15 mL), and the organic phase was separated, dried over anhydrous MgSO 4 , filtered and concentrated under reduced pressure. The solid residues were recrystallized from different mixtures of ethanol and water to give colorless needles.
1. 1. The Solvent-Free Conditions
0.66 g malononitrile (1) (10 mmol), 0.76 g carbon disulfide (2) (10 mmol), 2.02 g triethylamine (20 mmol) and benzylhalides 3a-h (20 mmol) were vigorously stirred to form a macroscopically homogeneous mixture. The mixture was heated at 80 °C for 4-7.5 h. The progress of the reaction was monitored by TLC. After cooling to room temperature, the contents were added to 20 mL water. The procedures of extraction and purification proceeded similarly to the classical conditions. 13 lines M07-A9, M26-A and M02-A11. 33 The stock solutions of all derivatives and antibiotics were respectively prepared in 10% DMSO and double-distilled water at concentrations of 10240 and 17.6 mg mL -1 . The IZD values were measured at these initial concentrations. All antibiogram tests were performed at least three times independently, and the results are reported as mean values.
In vitro Antibacterial Activity
3. Computational Details
All geometries were optimized at the B3LYP level of density functional theory using the 6-31+G(d,p) basis set, and no molecular symmetry constraint was considered. 34 All calculations were performed using Gaussian 09 program package at 298.15 K and 1 atm. Vibrational frequency analyses were also performed at the same level to ensure that the optimized structures are local minima. The electron density distribution was analyzed by the atoms in molecules (AIM) and the natural bond orbital (NBO) methods on the wave functions obtained at the B3LY-P/6-31+G** level of theory by AIM2000 and NBO 3.1 programs, respectively. 35, 36 
Results and Discussion
1. Synthesis and Spectroscopic
Characterization of Thioethers 4a-h 2-(Bis(benzylthio)methylene)malononitriles 4a-h were prepared under two different conditions (Scheme 1). Malononitrile (1), carbon disulfide (2) and benzyl halides 3a-h were simultaneously reacted under classical conditions and in the presence of potassium carbonate and acetonitrile as reaction promoter and solvent. However, shorter reaction times were necessary and higher product yields were obtained under solvent-free conditions using triethylamine as the base (Table 1) . As expected, the probability of efficient interactions between the reactants has increased in the absence of a solvent.
Chemical structures of the molecules 4a-h were determined according to their spectral data and elemental analyses. In NMR spectra, hydrogens and carbons of the methylene groups appeared respectively within 3.48-3.92 and 23.17-41.04 ppm. Two carbons of olefin bonds were observed in low-and high-field regions of 13 C-NMR spectra. In addition, absorption bands associated with CIN stretching vibrations were assigned to signals at 2176-2224 cm -1 .
2. Antibacterial Evaluation of the Synthesized Compounds
Inhibitory activities of all synthesized thioethers were evaluated against 22 important Gram-positive and Gram-negative bacterial pathogens. The biological properties of compounds were compared with those of gentamicin antibiotic, and are reported as IZD (the inhibition zone diameter), MIC (the minimum inhibitory concentration) and MBC (the minimum bactericidal concentration) values in Tables 2 and 3 . Thioether 4b containing two 2-nitrobenzyl substituents could inhibit the growth of all tested bacteria. This broad-spectrum antibacterial agent was the only effective sulfide on Proteus vulgaris, Streptococcus pneumoniae and Shigella dysenteriae species. The shift of the nitro groups to the para-positions in compound 4c led to a significant reduction in antibacterial effects, this compound was ineffective on all tested Gram-negative strains. These effects did not change remarkably by the introduction of the second nitro group in compound 4d. However, a similar change in compounds 4e,f resulted in the expansion of spectrum of action. QSAR studies were used to correlate biological activities of compounds into their physicochemical parameters. It is well known that the antibacterial activity of antibiotics is related to intermolecular interactions between the drug and receptor. Identification of the type of forces involved is necessary to adequately explore drug-receptor interactions. Intermolecular interactions are mainly divided into reversible dipole-dipole forces, weak London dispersion forces and stronger irreversible covalent bonding. The challenge of determining these interactions particularly in antibacterial agents has been the subject of a vast amount of both theoretical and experimental studies.
In this investigation, the IZD values of synthesized thioethers 4a-h were computationally related to their physicochemical descriptors. For this purpose, all three classes of intermolecular interactions have been considered. Figure 2 shows the typical structure of studied ligands.
S N 2, Schiff base formation and Michael addition are chemical interactions involved in drug-receptor complexes. Covalent bonds can be usually formed via nucleophilic attack on electron-deficient sites of biological macromolecules. The Pearson's Hard and Soft, Acids and Bases (HSAB) theory predicts a significant degree of selectivity that occurs in such nucleophile-electrophile interactions. [37] [38] [39] Accordingly, important electronic descriptors including hardness (HD), softness (SOF), electronegativity (EN) and electrophilicity (EPH), which are obtained from energies of HOMO and LUMO, were used to characterize irreversible covalent interactions. They, respectively, describe stability, reactivity, electron affinity and a measure of energy lowering due to maximal electron flow between the donor and acceptor. 40 They can be calculated as: 41 Moreover, maximum and minimum local electrostatic surface potential (Max.LESP, Min.LESP) as well as average positive and average negative electrostatic potential (AESP(+), AESP(-)) were applied to characterize relatively strong dipole-dipole interactions, namely hydrogen and halogen bonds in ligand-receptor complexes. 42 Furthermore, the weak intermolecular dispersion forces have been outlined by molecular volume (MV), molecular surface area (MSA), and polarizability (PL). The numerical values of the molecular descriptors were calculated and are presented in Table 4 .
The information mathematical models obtained from four Gram-negative (1855, 1234, 1399, 1776) and five Gram-positive (1447, 1297, 1665, 1768, 1435) bacteria are shown in Table 5 . The inhibitory activity of thioethers 4a-h against Gram-negative strains were correlated to their both chemical and reversible physical descriptors, and are presented in Figures 3 and 4 .
In Figure 3 -A, the IZD values of compounds 4b,e,f,g against bacterium 1855 were reasonably related to covalent bond descriptors including HLG (HOMO-LUMO gap), HD, SOF and EPH. This implies that covalent bonds are formed because of a charge transfer process from the nucleophilic centers to the electrophilic sites. Furthermore, moderate to weak correlations were observed against reversible physical descriptors (Max.LESP, MV, MSA and PL), removal of 4b strikingly improved them. It can be deduced that less effective ligands (molecules with lesser IZD values) preferably act via establishing dipoledipole and short distance dispersion forces. Inhibitory activity against strain 1234 was observed with all thioethers, except compound 4c. However, as indicated in Figure 3 -B, their action mechanism is not the same. Different trends against irreversible covalent descriptors were found in series 4b,f,g,h and 4a,d,e. The former series, except ligand 4f, behaved differently from the latter one toward the dipole-dipole descriptors. No reasonable relationship was found between antibacterial activities of synthesized compounds against species 1234 and the dispersion forces descriptors, it reflects the dominant contribution of dipoledipole and covalent interactions. Similar weak correlations on dispersion forces descriptors were observed against bacterial species 1399 and 1776, as shown in Figure 4 . The antibacterial effects of thioethers 4a-h on five Gram-positive strains have been correlated to their physicochemical descriptors in Figures 5 and 6 . Moderate to good relationships were established between the IZD values of ligands 4b,f,g and all reversible descriptors against bacterium 1447, EN was the only irreversible parameter that can make a meaningful correlation (Figure 5-A) . This probably represents a more prominent role of reversible interactions in observed effects.
The irreversible descriptors including HLG, HD and SOF show better correlations with the inhibitory properties of ligands 4b,f,h on bacterium 1297 than reversible ones including AESP(-), Max.LESP and MSA, as illustrated in Table 5 . The correlation coefficient (r 2 ) and rate of change sign (+) or (-) of QSAR calculations. 1855  1234  1399  1776  1447  1297  1665  1768 strain 1665 have been strongly correlated to irreversible descriptors, any clear relationship was observed on the reversible dipole-dipole and London dispersion descriptors. Acceptable correlations were found with reversible interactions when compounds 4d,f,g without considering molecule 4b were included in calculations. This indicates that the action mechanism of the highly active ligand 4b against bacterium 1665 is preferably through covalent interactions. Two Gram-positive bacteria 1768 and 1435 exhibited quite different behavior. As indicated in Figure 6 , while the former strain is affected by a few ligands (4c,f,h) with relatively low activities, all ligands, except thioether 4d, could more efficiently inhibit the growth of the latter strain. Low activities of the ligands 4c,f,h against bacterium 1768 via only reversible interactions can be seen in Figure 6 -A. However, covalent descriptors such as HLG, HD and SOF were dominant interactions in thioethers 4a,b,c,e,f,g,h against bacterium 1435, as shown in Figure 6 -B.
Descriptors Bacteria
The resulting data presented in Table 5 show that the inhibitory activity of the ligands on 4 Gram-negative bacteria, was mainly related both to irreversible chemical and reversible physical (dipole-dipole and short distance dispersion forces) interactions. However, no logical correlation was observed between short distance descriptors of ligands and their antibacterial activities against microorganisms 1234 and 1399. In contrast, acceptable relationships were stablished on Gram-positive bacteria when only dipole-dipole interactions were considered. There is no such relation between the IZD values on bacteria 1768 and 1435, and covalent and London dispersion interactions, respectively. As a result, associations between Gram-positive bacterial receptors and host ligands were interpreted by dipole-dipole interactions including hydrogen and halogen bonding rather than the chemical bonding and dispersion forces. The presence or absence of interactions contributing to our QSAR calculations are summarized in Table 6 .
The numerical values of some descriptors associated with inhibitory activity of ligands 4a-c,e-g against bacteria 1855, 1234, 1297, 1665 and 1435 were compared with each other to elucidate the basis for the significantly highest activity of the ligand 4b (Figure 7) . Information of ligand 4d was not considered because of lack of its correlation with 4b. The minimum HD, the maximum SOF and the minimum Max.LESP belonging to thioether 4b is illustrated in Figure 7 -A, -B and -C, respectively. As a result, it is predicted that derivative 4b should have the least stability and the most reactivity toward the nucleophile-electrophile chemical interactions.
Conclusions
Thioether derivatives 4a-h were synthesized via two procedures. The antimicrobial activity of all synthesized ligands was evaluated against a variety of both Gram-negative and Gram-positive pathogenic bacteria. Theoretical calculations were conducted to correlate inhibitory activity of these ligands into their physico-chemical descriptors. It was found that highly active ligands could affect both Gram-positive and Gram-negative bacteria via covalent bonding interactions. Less active ligands preferably bound bacteria through both hydrogen bond and short distance London dispersion forces. Relatively strong dipole-dipole interactions of hydrogen and halogen bonding contribute in all ligand-receptor interactions. Furthermore, the same Table 6 . The presence (P) or absence (A) of interactions contributing to QSAR calculations. Bacteria  1855  1234  1399  1776  1447  1297  1665  1768 1435 Covalent bonding P P P P P P P A P Dipole-dipole P P P P P P P P P Dispersion forces P A A P P P P P A a) b) c) rate of change of sign was observed at both classes of bacteria for irreversible covalent descriptors (Table 5) . However, signs in descriptors including Max.LESP, Min.LESP, MV, MSA and PL were opposite to each other. These models convey that calculations must be focused on short distance dispersion forces and dipole-dipole interactions rather than covalent bonding to find differences in the mechanisms of action of ligands against Gram-negative and Gram-positive bacteria. The models propose that high softness of ligand 4b is probably the main cause of its widespread and strong antibacterial activities. Indeed, it efficiently links to targets via chemical covalent bonding.
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